A capillary electrophoresis (CE) method is described for the simultaneous determination of copper and iron after complexation with a readily biodegradable chelating agent, [S,S′]-ethylenediaminedisuccinic acid (EDDS), in wood pulp. CE separation was performed in a fused-silica capillary (50 μm i.d.; total length, 65 cm) with an electrolyte containing 25 mM borate buffer and 0.5 mM CTAB at pH 7.0 and an applied voltage of -25 kV. The samples were introduced by applying a 50 mbar pressure for 2 s, and detection of the complexes was monitored at 245 nm. The methodology performance of the methods was evaluated in terms of the linearity, limit of detection (LOD), limit of quantitation (LOQ) and reproducibility. The applicability of the method was demonstrated for the analysis of copper and iron in wood pulp. 
Introduction
In the pulp and paper industry, the bleaching of pulp is regarded as a requirement because it is responsible for the bright, white characteristics of paper, which are considered to be a marker of its quality by both the industry and the consumer. Chlorine and its compounds have traditionally been used for the bleaching of pulp. Because of the environmental risk associated with organochlorine compounds, hydrogen peroxide is now the most important bleaching chemical in the production of totally chlorine-free pulp, replacing chlorine and its compounds. However, certain transition metals, such as manganese, copper and iron, which are either naturally found in wood itself, or coming from process waters, can have a profound negative effect on the bleaching performance of hydrogen peroxide. 1 These metals severely affect the bleaching process by destroying the bleaching agent, resulting in a poor quality of paper. The effective metal-ion removal is thus pivotal to the efficiency and success of totally chlorine-free bleaching of pulp using hydrogen peroxide.
Aminopolycarboxylic acids, such as ethylenediaminetetraacetic acid (EDTA), diethylenetriaminepentaacetate (DTPA) etc., have been used for the purpose of chelating these metals, which form stable water-soluble complexes with the metals and keep them in solution without interfering with the bleaching process. 2 Despite good complexing ability, EDTA and DTPA are not ligands of choice because of their poor biodegradability behavior, which does not comply with the Organization for Economic Co-operation and Development (OECD) criteria for biodegradability. 3 Being poorly biodegradable and having a strong affinity to complex with the majority of metals, their release into the environment can severely affect the metal bioavailability and be toxic to certain organisms. Lee et al. 4 have demonstrated the presence of EDTA in the effluents of a paper mill using gas chromatography.
[S,S′]-Ethylenediaminedisuccinic acid (EDDS) is an alternative complexing agent believed to serve as a potential substitute for EDTA. EDDS, like EDTA and DTPA, is a member of the aminopolycarboxylate group of compounds. It is a structural isomer of EDTA, which only differs from EDTA in that it has two chiral centers in its structure (Fig. 1 5 These values are slightly lower than the corresponding stability constants 6 of Cu-EDTA (log K 18.8) and Fe-EDTA (25.1), whereas Cu-DTPA (log K 21.5) and Fe-DTPA (28.6) were higher, indicating strong complexation. However, the EDDS complexes are readily biodegradable, whereas the EDTA and DTPA complexes are not. Jones et al. 7 assessed the efficiency of an environment-friendly EDTA alternatives for use in the paper and pulp industry using a chemical speciation simulation. The results indicated that EDDS is the best chelating agent for pulp processing in terms of the chelation efficiency and for readily biodegradability.
A number of methods are available for the determination of copper and iron as EDTA complexes in paper pulp and in water. Kujala et al. reported a method to leach manganese and some other metal cations from the pulp matrix to the aqueous phase and subsequent determination by ICP-AES analysis. 8 A study was made on the effectiveness of the leaching agents DTPA and sulfurous acid for removing unwanted metals, such as Ca, Cd, Cr, Cu, Fe, Mg, Mn, Ni, Pb and Zn, from thermomechanical pulp using ICP-MS. 9 Ramo et al. reported an XRF method for the determination of Mn, Cu and Fe in chemically-treated wood pulp. 10 Recently, two methods were described for the analysis of cations and anions in water samples from paper mills by capillary electrophoresis. 11, 12 The determination of free DTPA and several metal-DTPA complexes in water and waste water from a paper mill by capillary zone electrophoresis was studied. 13 The optimization of the separation conditions was given. Simultaneous capillary electrophoretic separation of small anions and cations after complexation with EDTA is reported. 14 The method was applied to mineral water and tap water. Capillary zone electrophoresis with on-column UV detection was used to separate and determine Cr, Fe, Cu and Pb complexes with EDTA in waste water from tanning industries. 15 All of the above methods used either EDTA or DTPA as a complexing agent to determine the Cu and Fe ions. A thorough literature search has revealed that no method has been reported for the simultaneous determination of Cu and Fe as their EDDS complexes. Our present objective is to develop a capillary electrophoresis method for the simultaneous determination of Cu and Fe as their EDDS complexes. The developed method was applied to wood pulp samples in which the readily biodegradable EDDS is used as a sequestering agent alternative to non-biodegradable EDTA or DTPA.
Experimental

Materials and reagents
All chemicals and reagents used were of analytical-reagent grade. The sample solutions, electrolytes and standard solutions were prepared using deionized water obtained using a Milli-Q water-purification system (Millipore, Bedford, MA, USA). Na2-S,S′EDDS, metal standard solutions of Fe(NO3)3 and Cu(NO3)2 were obtained from Fluka (Buchs, Switzerland). Disodium tetraborate decahydrate was procured from Merck (Darmstadt, Germany), whereas cetyltrimethylammonium bromide (CTAB) was from Sigma-Aldrich (Steinheim, Germany).
A stock solution of [S,S′]-EDDS (8 mM) was prepared by dissolving an appropriate amount of the Na2-S,S′EDDS in deionized water. Metal-ligand complexes Fe(III)-EDDS and Cu(II)-EDDS were prepared by mixing a mixture of metal stock solutions with the ligand.
Instruments CE. The separations were performed on a Hewlett-Packard 3D CE instrument (Agilent Technologies, Waldbronn, Germany) equipped with a diode array UV-visible detector. A bare fusedsilica capillary (Composite Metal Services Ltd., Worcester, UK) of 50 μm i.d. with a total length of 65 cm and a detection window burned at 8.5 cm from the capillary end were used. A separation potential of -25 kV was applied during all separations, and samples were introduced by applying a 50 mbar pressure for 2 s. The absorbance at 245 nm was monitored for the detection of analytes. The electrolyte containing 25 mM borate buffer and 0.5 mM CTAB at pH 7.0 was used for analyses of these complexes. CTAB was used as a surfactant to reverse the EOF. Thiourea, a neutral compound, was used as an electroosmatic marker, since it carries no charge, and hence migrates with the electroosmatic flow.
All experiments were conducted at 25˚C. Both 0.1 M NaOH and HNO3 were used for the desired pH adjustments. pH measurements were carried out with a combined conductivity/pH meter (Jenway, UK), Model 3880, equipped with a combined glass calomel electrode, which was calibrated using standard buffer solutions of pH 4.0, 7.0 and 9.2 before measuring the pH of the solutions.
The new bare fused-silica capillary was rinsed with 0.1 M NaOH for 10 min, then with deionized water for another 10 min and equilibrated with the borate buffer solution for a further 10 min. Between each injection the capillary was filled with the buffer solution by flushing the entire capillary for 5 min at 50 mbar. The sample solution was introduced into the anodic end of the capillary by hydrodynamic injection. A voltage of -25 kV was then applied for separation.
ICP-MS.
An Agilent 7500ce ICP-MS system (Agilent Technologies, Tokyo, Japan) with an Octopole Reaction System (ORS) and a CETAC ASX-520 Autosampler (CETAC Technologies, Omaha, Nebraska, USA) was used for measurements. The ICP parameters were: rf power, 1500 W; plasma gas flow rate, 15.0 l min -1 ; auxiliary gas flow rate, 1.0 l min -1 ; nebulizer gas flow rate, 1.0 ml min -1 ; sample uptake rate, 1.0 ml min -1 . The MS parameters were: sample uptake, 60 s; stabilization delay, 45 s; wash delay, 60 s; dwell time, 0.1 s; a Ni sampler and skimmer cones were used. The isotopes used for measurements were 56 Fe measured in argon and 63 Cu in helium gas with the ORS.
Treatment of pulp
Three types of soft wood pulps were obtained from SAPPI Paper Mill in Durban, South Africa. After 20 g of each pulp was weighed and transferred into three 250 ml round-bottom flasks, each containing 100 ml of deionized water, 8 mM of the [S,S]-EDDS was added to the contents in each flask. Each mixture was heated in an oil bath for 3 h at 45˚C. Heating with stirring caused the pulp to disintegrate, and hence to release metals into the aqueous phase. The resulting solution was filtered through a 0.45 μm nylon membrane filter and the pH was adjusted to 7 with 1.0 M NaOH.
Results and Discussion
The development of a capillary electrophoresis method for the separation and determination of metals using any chelating agents requires the formation of stable complexes of the metals with the chelating agent, because unstable complexes tend to dissociate within the capillary, thus making separations difficult. EDDS is like EDTA, also known for its ability to form stable complexes with many metals at a wide range of pH, and show good absorbance at wavelengths of between 200 -300 nm. In the present method the wavelength 245 nm was selected based on the maximum absorbance of Fe(III)-EDDS and Cu(II)-EDDS. Several background electrolytes (BGE) were studied to find the optimum conditions for the separation and determination of the complexes of Fe(III) and Cu(II) with EDDS. Sharp peaks with good resolution were obtained using the electrolyte 25 mM borate buffer and 0.5 mM CTAB at pH 7.0. According to Jones et al. 7 copper and iron are fully sequestered by EDDS in the pH range of 4.0 -12.0. To demonstrate the simultaneous separation of the Cu(II)-EDDS and Fe(III)-EDDS complexes, a standard mixture of the complexes was injected into the CE system. Figure 2 gives an electropherogram of 0.08 mM of Cu(II)-EDDS and 0.02 mM of Fe(III)-EDDS complexes. It can be seen from the Fig. 2 that the peaks are well resolved with good peak shapes, and could be identified by injecting them individually. Based on the principles of CE, under coelectroosmotic conditions, the more negatively charged species elute faster. Accordingly, the elution of [Cu-EDDS] 2-occurs before [Fe-EDDS] -. Standard mixtures containing known amounts of Cu(II) and Fe(III) complexes of EDDS were prepared and analyzed by CE. The accuracy of the methods was checked by the standardaddition technique. It was found that the additions were reflected in their peak areas, and the percent recovery was in the range of 84 -105%. The repeatability of the optimized method was determined by injecting a standard mixture 5 times into the CE. The relative standard deviations (RSD) were calculated for the corrected peak areas (0.86% for Cu(II)-EDDS and 0.78% for Fe(III)-EDDS) and the migration times (0.69% for Cu(II)-EDDS and 0.83% for Fe(III)-EDDS). Calibration graphs (concentration vs. peak area) were constructed at 6 concentration levels using CE for the 2 complexes. Three independent determinations were carried out at each concentration level. Good linearity and reproducibility were found during the experiments. Table 1 gives the linearity equation, mass range and correlation coefficients. The limit of detection (LOD) and the limit of quantitation (LOQ) were calculated based on 3 and 10-times the noise level, respectively.
Analysis of pulp samples
The developed method was applied to the determination of Cu(II)-and Fe(III)-EDDS in 3 different pulps. As described in the Experimental section, the pulp was treated and the samples were prepared and injected into the CE. Figure 3 gives an electropherogram obtained for a pulp sample. Since pulp is a natural substance, it is obvious that it is composed of a wide range of cationic, anionic and neutral species that may give rise to a signal. It is only after spiking that one can identify the complexes under consideration, because the migration times of the complexes remain the same under the same CE conditions. To the pulp samples, 1 μg of Cu(II) and Fe(III)-EDDS was added and injected into CE. Figure 4 gives the electropherogram of a spiked pulp sample. The spiked pulp sample demonstrated the presence of Cu(II) and Fe(III)-EDDS by increases in the respective peak areas of the original peaks. The amounts of Cu(II) and Fe(III)-EDDS present in the pulps were calculated, and are summarized in Table 2 . The results obtained by the present CE method were compared with ICP-MS. It can be seen from Table 2 that the Cu(II) and Fe(III)-EDDS concentrations were comparable by both methods. Although the results obtained by ICP-MS are slightly less when compared with CE, this could be attributed to the experimental errors, since the relative standard deviation (RSD) of the ICP-MS method is higher than that of the CE method. Therefore, copper and iron present in pulp samples were successfully determined using EDDS as a chelating agent by the present CE method. 
Conclusion
A CE method was developed for the simultaneous determination of iron and copper using [S,S′]-ethylenediaminedisuccinic acid as a chelating agent. The method was successfully applied for the simultaneous determination of the two metals in wood pulp. The results obtained by the present CE method were compared with ICP-MS, and were found to be comparable. Since there is no validated published method for the determination of [S,S′]-EDDS in pulp by capillary electrophoresis, this method can also be used for the determination of the chelating agent in water samples or effluents from paper industries.
